A popular regime in the NMSSM parameter space involves a light CP-odd Higgs A1. This scenario has consequences for e.g. light singlino Dark Matter annihilating in the A1-funnel. In order to confront the pseudoscalar to experimental limits such as flavour observables, Upsilon decays or Beam-Dump experiments, it is necessary to control the interactions of this particle with hadronic matter and derive the corresponding decays. The partonic description cannot be relied upon for masses close to mA 1 ∼ 1 GeV and we employ a chiral lagrangian, then extended to a spectator model for somewhat larger masses, to describe the interplay of the CP-odd Higgs with hadrons. Interestingly, a mixing can develop between A1 and neutral pseudoscalar mesons, leading to substantial hadronic decays and a coupling of A1 to the chiral anomaly. Additionally, quartic A1-meson couplings induce tri-meson decays of the Higgs pseudoscalar. We investigate these effects and propose an estimate of the Higgs widths for masses below mA 1 < ∼ 3 GeV. While we focus on the case of the NMSSM, our results are applicable to a large class of models.
The NMSSM and a light CP-odd Higgs
While the hunt for physics beyond the Standard Model at the high-energy frontier continues at the LHC or in Dark Matter experiments -with disappointing results so far -, new physics may still have a few surprises in store in the low-mass region. Axion-phenomenology is a classical example of such effects in the limit of light less-than-weakly-coupled particles. In the following, we consider another case of comparatively light state occurring in the context of the Next-to-Minimal Supersymmetric Standard Model (NMSSM) [1] , a well-motivated extension of the Standard Model (SM).
In the NMSSM, the CP-odd Higgs sector (ignoring the Goldstone boson) consists of two degrees of freedom -a doublet component A 0 , comparable to the MSSM pseudoscalar, and a singlet state A 0 S . Both mix at tree-level according to the following mass-matrix: (A λ + 4κs)
= P · diag(m 2 A1 , m 2 A2 ) · P T P ≡ cos θ P − sin θ P sin θ P cos θ P where λ and κ are parameters from the superpotential, A λ and A κ , parameters from the soft supersymmetry-breaking lagrangian, v = (2 √ 2G F ) −1/2 , tan β and s, doublet and singlet vacuum expectation values or related quantities. Here, we have been considering the Z 3 -conserving NMSSM explicitly. However, Z 3 -violating terms as well as radiative corrections can be incorporated in this picture with limited effort. The states A i = P i1 A 0 + P i2 A 0 S are ordered in mass: m A1 < m A2 . A light state is regarded as naturali.e. as a pseudo-Nambu-Goldstone boson -in two specific limits of the NMSSM parameter space:
• For κ λ, the Higgs potential is approximately invariant under a U (1) Peccei-Quinn symmetry. In this case, the doublet component of A 1 -through which this particle couples to SM matter -is given by P 11 = − v 2s sin 2β/ 1 + v 2 4s 2 sin 2 2β.
• For A λ , A κ → 0, another approximate U (1) symmetry appears, which can be related to the Rsymmetry. In this case, P 11 = v s sin 2β/ 1 + v 2 s 2 sin 2 2β.
the very low-mass range, [57] suggested that the hadronic decays of A 1 may resemble those of the meson that is closest in mass, while [58] estimated the mixing with the mesons in the formalism of PartiallyConserved Axial Currents (PCAC). As a consequence of this confused situation for the pseudoscalar decays, the phenomenology of this particle at low-mass remains largely speculative and the interplay of constraints cannot be consistently applied.
In this paper, we aim at shedding some light into this question and propose an estimate of the NMSSM pseudoscalar decays in the m A1 < ∼ 3 GeV range. Due to the intrinsic difficulty of a quantitative description of hadronic phenomena and the corresponding large uncertainties, this evaluation has no ambition beyond that of providing an educated guess for the A 1 decay widths and branching fractions and, while the derived picture may seem more reliable than the partonic approach, we should not dismiss the possibility of sizable deviations. In the following section, we shall summarize the formalism describing the interactions of a light CP-odd Higgs with the mesons, relevant at masses below < ∼ 1 GeV. Then, we will derive the A 1 decays in this mass range. Finally, we will attempt to extrapolate the hadronic decays of the pseudoscalar up to the cc threshold using the perturbative spectator approach, before coming to a short conclusion.
As a final word before starting with the actual description of the pseudoscalar interactions at low mass, we stress that our results apply beyond the NMSSM, in any singlet or doublet extension of the SM containing a light pseudoscalar Higgs state: all that is necessary in order to extend our discussion to such cases amounts to replacing the explicit NMSSM couplings to quarks, photons and gluons by their analogues in the corresponding model.
From the partonic lagrangian to the mesonic interactions
The purpose of this section consists in summarizing the formalism leading to the inclusion of a light pseudoscalar in the non-linear Sigma model for the mesons.
Partonic lagrangian below the cc threshold
We consider a NMSSM CP-odd Higgs with mass below the cc threshold. The other relevant fields at low-energy include the up, down and strange quarks, the muon and electron, as well as the photon and gluons. The interactions of the pseudoscalar with these fields may be summarized in the following effective lagrangian:
Here, we have confined to the operators of lowest-dimension for the A 1 -interactions with each type of field: dimension 4 for the fermions and dimension 5 for the gauge bosons. We have kept the tree-level expression of the fermionic couplings, though part of the radiative corrections may be incorporated within P 11 -defined by Eq.(1) and corresponding to the proportion of doublet-component in A 1 . F µν and G a µν denote the field-strength tensors for the photonic and gluonic fields respectively;F µν andG a µν are their dual.
The couplings C γ and C g are generated by loops of heavy fermions (t, b, τ , c and charginos); heavy scalars and gauge bosons are known not to contribute, due to non-renormalization theorems. Since we regard the light quarks and leptons as 'active' fields, we do not include their radiative contribution in C γ and C g : for the leptons, this effect could be added straightforwardly; in the case of light quark contributions, however, inclusion at the partonic level should be reputed unreliable. At the one-loop level:
We also remind the coupling of the photon and gluon to the chiral anomalies:
3 ) the quark mass and charge matrices.
Chiral lagrangian
The dynamics of the mesons is well described -at lowest order in a momentum expansion -by a nonlinear sigma model known as the Chiral Perturbation Theory (χPT) [59] [60] [61] [62] [63] . This formalism relies on a controlled breaking of the axial symmetries and proves remarkably predictive. Though refinements including higher-dimension terms are possible [63] , they lead to a fast increase of the number of free low-energy parameters and we shall confine to the simplest approach below. A recurrent endeavour of the 1980's consisted in estimating the couplings of a hypothetically light SM Higgs boson -or a 2HDM CP-even state -to the hadronic sector [64] [65] [66] [67] [68] [69] [70] [71] [72] [73] [74] [75] [76] . Some attention was also paid to the case of a pseudoscalar [77, 78] , and has persisted till today at least from the perspective of axion physics (see e.g. [79] for a recent reference). In the following, we aim at summarizing the key ingredients that intervene in the description of the interactions of a light CP-odd Higgs with the meson sector.
The starting point of χPT rests with the observation that the QCD lagrangian for the light quarks (q) preserves the axial symmetry -characterized by the transformation (q)
] -up to the mass term M q and the electromagnetic interaction. In our case, the Yukawa couplings to the light CP-odd Higgs -see Eq.(2) -can be incorporated within the mass matrix:
with g s the strong coupling constant, T a the Gell-Mann matrices in colour-space, e the elementary electric charge, Q q the quark-charge matrix (as defined above), G a µ the gluon field and A µ the photon field. Since the strong interaction triggers the formation of quark condensates at low energy, we shift our attention from the fundamental 3 to the3 × 3 representations of U (3) flavour , the mesonic octet and singlet Σ ij ∼ q i γ 5 q j . Then, the lowest-order effective lagrangian for Σ preserving the axial (and vectorial) symmetry up to M q and Q q reads:
, B and C are coupling constants and
a µν is an auxilliary field designed to mimic the gluon coupling to the U (1) A anomaly [59] . In other words, considering the axial currents
Similarly, the gluonic coupling of A 1 is accounted for in Eq. (8) by the ∂ µ K µ term. The minimization condition for ∂ µ K µ provides the chiral lagrangian:
We finally introduce the pion fields π a as Σ ≡
fπ π a λ a and expand the lagrangian in terms of these:
where
We observe that this procedure generates mass terms for the mesons, a mass shift for A 1 , mixing terms between the mesons and A 1 as well as quartic interaction terms involving A 1 and three pions -the conservation of CP excludes a cubic coupling. Our derivation of the decays of the light pseudoscalar will be based on this simple lagrangian. Using the pion equations of motion, it is possible to check that, as in the quark model, the couplings of A 1 to the hadronic sector follow the PCAC, i.e.
This could have been chosen as an equivalent Ansatz for the A 1 interactions. Yet, the previous formalism has allowed us to include the A 1 coupling to gluons in the low-energy picture as well. So far we have omitted Wess-Zumino-Witten terms describing the pion coupling to photons [80, 81] and restoring the corresponding contribution to the anomaly:
We now add this piece to Eq.(11).
Low-energy coupling constants -meson masses
The low-energy lagrangian of Eq. (11) has left us with five combinations of couplings to determine at lowenergy:
MeV is the pion decay constant: it determines the pion coupling to the anomaly, hence its diphoton decay, from which it is extracted. The other parameters are usually obtained from the mass matrix of the mesons: from Eq.
b9 . We may thus identify:
• three pions with diagonal mass m ; in principle, the neutral pion π 3 mixes with other neutral states (π 8 , π 9 ), but the mixing terms ∝ m u − m d are numerically small so that we may neglect them at this level. Thus
• a pair of charged kaons
with mass m
• The neutral π 8 and π 9 mix according to the following matrix:
The corresponding mass states are the η = cos θ η π 8 − sin θ η π 9 and η = sin θ η π 8 + cos θ η π 9 , with masses of m η 548 MeV and m η 958 MeV and a mixing angle θ η of order −13
• (see e.g. [82] [83] [84] 
This fully determines the low-energy parameters that we employ in the following.
Decays of a CP-odd Higgs from the chiral lagrangian
The chiral lagrangian of Eq.(11) that we have derived in the previous section characterizes the interactions of the Higgs pseudoscalar with the mesons. At low masses m A1 < ∼ 1 GeV, it should prove a reliable guide for the hadronic decays of the CP-odd Higgs. Additionally, the leptonic and photonic interactions can be taken directly from Eq. (2) . In this section, we derive the associated phenomenology in this low-mass regime. In order to smoothen the transition with the higher-mass region, we shall display the Higgs decays up to m A1 ∼ 1.5 GeV in numerical applications.
A 1 -meson mixing
Eq. (11) shows that the interactions of the pseudoscalar with the hadronic sector generate a mixing of A 1 with π 3 , π 8 and π 9 :
We note that the mass-shift of A 1 resulting from the gluon coupling -
If the presence of the Higgs pseudoscalar were to affect drastically the characteristics of the pions, then this mixing scenario would be phenomenologically difficult to defend. In practice, however, the mixing is naturally small. We note indeed that the off-diagonal elements of M . Moreover, they explicitly involve the doublet component of A 1 -P 11 controls the interactions of the pseudoscalar with SM-matter -, which tends to be suppressed, i.e. P
11
1 in the realistic cases: the light A 1 is likely to intervene as a dominantly singlet state. Consequently, the A 1 -meson mixing has a negligible impact on the mesons. In [58] , for instance, it was shown that the pseudoscalar could approach the pion mass within MeV wihout affecting the pion decays as long as the A 1 -π 3 mixing remained below ∼ 4%. Similarly, the mass-shift associated with the mixing remains tiny. Another type of limit proceeds from the conversion of hadrons to A 1 via mixing. For instance,
In the case of a sizable A 1 → invisible decay, the K + → π + νν searches would place a limit on the A 1 − π 3 mixing. Similar bounds proceed from leptonic decays (or leptonic transitions mediated by an off-shell A 1 ). The interference with loop-generated flavour-changing A 1 couplings would have to be considered, however. Additionally, experimental cuts require some attention as e.g. the vicinity of the pion mass is occasionally discarded in order to avoid the pion background. We shall not enter into a detailed discussion here as the A 1 decays need first be derived. We may thus safely assumeπ 0 ∼ π 3 ,η ∼ η andη ∼ η , although a narrower check would be in order when m A1 is very near a meson mass. We shall discuss this further when we compute the leptonic decay widths. On the other hand, the impact of the mixing on the phenomenology of A 1 is sizable because the couplings of this field to SM particles are suppressed in the same proportion as the mixing: in other words, even a small meson component inÃ 1 could dominate the genuine A 1 amplitudes. In the following, we thus focus on the corresponding state 1 :
In the limit where the mixing angles remain small -which is almost systematically fulfiled and ensures that the mesons do not receive a sizable Higgs component -, these matrix elements can be approximated by:
Nevertheless, in numerical applications, we will retain the full numerical evaluation of these objects. We plot these mixing angles in Fig.1 for P 11 = 0.03, tan β = 10. The mixings prove very small (below ∼ 10 −8 ) on the whole mass-range, except when m A1 is in the immediate vicinity of a meson mass. The impact of the mixing on the mesonic state will thus remain negligible.
Then, any decay amplitude of the pseudoscalar may be decomposed as:
where all the amplitudes on the right-hand side should be worked out for theÃ 1 kinematics, though.
Photonic decay
The diphoton decay is one of the channels where the mixing with the mesons has the most dramatic effects for the CP-odd Higgs, due to the large, anomaly-driven diphoton decays of the mesons. The amplitudes can be worked out from Eqs. (2) and (11) -for photons with momenta p 1 and p 2 and polarizations ε(p 1 ) Figure 2 : Diphoton width of the mostly-A 1 state. P 11 = 0.03, tan β = 10, M 2 = µ eff = 500 GeV, λ = 0.3. In (dashed) blue is the partonic width (including a partonic strange quark with mass 0.095 GeV). The (dotdashed) green curve corresponds to the width mediated by the meson mixing (i.e. neglecting C γ ). The full result of Eq. (20), employing phenomenological estimates of the pion-photon couplings, is in red (full line). For the orange dotted curve, we have imposed strict U (3) A relations at all levels (η-η -mixing, A 1 -pion mixings, pion-photon couplings).
and ε(p 2 ):
sin θ η + 2 √ 2 cos θ η . However, we may exploit the experimental measurements of the π 3 , η and η diphoton widths [85] to derive more realistic (though close) estimates:
−13.6 GeV −1 . While we regard this choice as an educated guess resumming higher-order effects, it could be objected that, in so mixing orders, cancellations such as those appearing in the K L diphoton decay amplitude [86] are spoilt. Yet, the properties of the CP-odd Higgs -its mass or its tan β-dependent couplings -are not so strictly determined by the U (3) A symmetry as their K L equivalent, so that we do not expect comparable order-by-order cancellations. Nevertheless, we will compare our result to the case where strict U (3) A conditions are enforced, which translates into a larger value of |θ η | together with the use of leading-order C γ [π 3 , η, η ] as explicited above. The diphoton width then reads:
We show Γ[Ã 1 → γγ] in Fig.2 for 2 P 11 = 0.03, tan β = 10; the result also depends on the chargino contribution to C γ : we have employed M 2 = µ eff = 500 GeV, λ = 0.3. The decay width of Eq. (20) corresponds to the (full) red line. The (dashed) blue curve would correspond to a pure partonic width, neglecting the mixing with the mesons and including a partonic strange quark with mass 95 MeV in C γ . For the (dot-dashed) green curve, we have neglected the partonic contribution (C γ + δC e,µ γ ) and assumed that the width would be purely originating in the meson-mixing. Expectedly, this mixing approximation provides a qualitatively good agreement with the full result of Eq. (20) when m A1 is close to a meson mass. On the other hand, the partonic description captures the main effects far from the mixing regime. But it generically falls orders of magnitude away in the vicinity of meson masses. Despite a tiny mixing, we observe that the impact of mesons on the diphoton width extends far beyond the immediate vicinity of the meson masses: this is due to the large mesonic decay widths to photon pairs and the suppressed genuine A 1 width for a mostly-singlet state. We note that destructive interferences develop among the various amplitudes and, in particular, a local cancellation takes place at m A1 ∼ 150 MeV. At m A1 ∼ 1.5 GeV, the impact of the mixing with the η wanes, leaving the partonic description in a satisfactory posture again. Finally, the orange dotted curve corresponds to the case where strict U (3) A relations have been enforced, at the level of the mixing among pions (θ η ), between pions and the Higgs state or in the expression of the pion-photon couplings. We observe minor differences, in particular a small suppression of the η-driven mixing contribution, but the Higgs width essentially retains the qualitative trends discussed before. The deviation between the red and orange curves is understood as a higher-order effect and, as such, part of the error estimate. While we stick to the more phenomenological approach below, it is difficult to choose which of the two approaches is actually more reliable at this level.
Leptonic decays
The situation is reversed for the leptonic decays: the corresponding branching ratios for the mesons are typically tiny, while the leptonic decays of the Higgs state, tan β-enhanced, would naively count among the dominant channels at low-mass. Consequently, the muonic and electronic widths of theÃ 1 state are well approximated by their pure-Higgs analogues. On the contrary, the mixing with the mesons generates an additional leptonic width for the π 3 , η and η , which represents the main limiting factor on this mixing effect.
We may express the leptonic (l = e, µ) decay width of a pseudoscalar state P = A 1 , π 3 , η, η as:
A few effective mesonic couplings can be estimated numerically from the experimental measurements [85] : Y ee π3
3 · 10 −7 ; Y µµ η 2 · 10 −5 . However, only upper limits are available for the e + e − decays of the η and η and the µ + µ − decay of η is uncharted. We thus neglect such missing input. We show the leptonic decay widths of the mixed-stateÃ 1 in Fig.3 , for P 11 = 0.03, tan β = 10. We observe that, except for the immediate vicinity of the meson masses, the leptonic decays are essentially determined by the pure-Higgs widths.
As we mentioned above, the mixing induces an additional leptonic width for the mesons. This is actually the main impact of the mixing from the perspective of the mesons. As the measured leptonic decays are typically small, we may place some limits on this scenario. For instance, still in the case ] are exactly explained by the SM. When the SM is off, the mixing effect could well improve the agreement with the measured value. Such a point was actually discussed in [58] in the case of Γ[π 0 → e + e − ], as one may choose to see some tension between the experimental measurement [87] and the theoretical direct coupling of the higgsinos to the singlet component of A 1 intervenes. Although we confine to the case P 11 = 0.03 in numerical applications, other choices could thus be easily reconstructed via a rescaling of the widths by ∼ evaluation [88] . Thus, exclusion of mass-values for A 1 close to a meson mass strongly depends on the assumptions and a detailed analysis would prove necessary.
Tri-meson decays
The decay width of a pseudoscalar P to a tri-mesonic final state Π i Π j Π k may be written as:
where m P,i,j,k stand for the masses of P , Π i , Π j , Π k and S ijk is a symmetry factor: 1, 2 or 3! depending on the number of identical particles in the final state. The transition amplitude A ijk P should be determined from the chiral lagrangian. Expliciting the quartic Higgs-meson couplings in Eq.(11) provides us with:
Starting from m A1 > ∼ 3m π , the tri-pion decays of A 1 become kinematically accessible. The chiral lagrangian contains A 1 -pion couplings explicitly, ∝ m 2 π vfπ P 11 (tan −1 β − tan β). The η and η couplings to three pions are isospin-violating (∝ δ). Diagrams involving the η/η -π 3 mixing thus contribute at the same order in δ [89, 90] . The basic evaluation employing δ m Beyond m A1 > ∼ 1.12 GeV, the πKK channels are accessible in their turn. They are the first decays to employ the coupling ∝ Bms fπ , meaning that the impact of the strange quark on theÃ 1 width is kinematically delayed till this quite-high threshold. We cannot use experimental data to evaluate the π 3 , η or η couplings to the corresponding final states in a phenomenologically more efficient way than employing Eq. (24) . However, we note that the kinematically relevant region is already far above the masses of the pseudoscalar mesons, so that the mixing effect should be subdominant. Our result (summing over the
is displayed in the lower plot of Fig.4 . These kaonic widths are typically one to two orders of magnitude larger than the pionic decays, due to the larger coupling. The mixing effect appears to affect these decay channels in a subdominant way, although a small excess is still visible at m A1 ∼ 1.5 GeV.
Other tri-meson final states include π 3 ηη , π 3 η η , 3η, η ηη, ηη η , 3η , ηK
and η K 0K 0 . They intervene only beyond m A1 > 1.5 GeV so we leave the corresponding description to the following section.
Radiative hadronic decays
The decays η → γπ + π − and η (→ γ ρ, ω) → γπ + π − show the relevance of radiative decay modes for light pseudoscalar states. Such decays are entirely specified by the anomaly and (in the case of pseudoscalar mesons) they are well described in a Vector Dominance approach -see e.g. [91] . For the Higgs pseudoscalar, we confine to the leading-order, in which the radiative hadronic decays result from the mixing effect with the pseudoscalar mesons.
We follow the description of [91] for the η/η → γπ + π − decay and correct the small mismatch with the experimental widths by a rescaling factor. Then we display the decay width acquired byÃ 1 via mixing in Fig.5 . Expectedly, the effect is largest close to the η and η masses. Yet, the tail at m A1 1.5 GeV Figure 6 : Summary of theÃ 1 decays in the chiral limit for P 11 = 0.03, tan β = 10: the full red line corresponds to the diphoton decay, the blue dashed curve, to the leptonic decays, and the green dotdashed curve sums all hadronic decays.
competes in magnitude with the pionic decay widths. We may wonder whether large γKK decays could not develop via the mediation of the φ. We will assume that it is not the case, first because the φ is much narrower than the ρ, second because we believe that these radiative decays remain subdominant as compared to the πKK channels.
Decays in the chiral limit: summary
At this level, we believe to have considered the major possible decay channels to SM particles for the CP-odd Higgs in the chiral limit. These are summarized in Fig.6 : as was already pointed out by e.g. [55] , the leptonic widths (blue dashed curve) dominate most of the low-mass region. One then naively expects severe constraints from e.g. flavour observables, where, however, the interplay of supersymmetric contributions in the flavour-changing A 1 couplings should be considered carefully: such a discussion goes beyond the aims of the present paper. However, close to the mass of the π 3 , η or η , the Higgs pseudoscalar may have enhanced decays to a photon pair (red full curve) or to hadrons (green dot-dashed curve) and these final states may compete with the dimuon channel. At m A1 1.5 GeV, the hadronic decays still represent only ∼ 10% of the SM width ofÃ 1 (for the particular values P 11 = 0.03, tan β = 10).
As singlino Dark Matter is a motivation for the light A 1 scenario, we note that an invisible decay into singlinos (χ 0 s ) could be relevant if the A 1 mass is above threshold. We expect this channel to be dominated by the singlet-singlino interactions. At leading order:
For the thermal annihilation of singlinos in the early universe to be efficient enough -so that we avoid excessive relics -, the corresponding cross-section must be enhanced by a resonant A 1 , i.e. m A1 should be close to the energy of the singlino pair maximizing the Boltzmann distribution at the freeze-out temperature, i.e m A1 2mχ0 s . Then, the phase-space of the decay is suppressed. Moreover, observing that the singlino mass in the Z 3 -conserving NMSSM is given by mχ0 s 2κs, it seems natural to turn to the Peccei-Quinn limit (κ → 0) to ensure both a light A 1 and a light singlino. Eq.(25) is further suppressed in this limit. However, in view of m A1 2mχ0 s , threshold corrections would also be relevant. We will not enter into more details here as we are chiefly interested in the SM decays of the CP-odd Higgs. We remind that sizable invisible A 1 decays could fall under direct limits from K or B decays, since hadronic processes may be converted to hadronic+invisible, which receive tight phenomenological constraints. Similarly to the case of large leptonic decays, the impact of such limits on the details of the supersymmetric spectrum should be studied carefully, which is beyond the scope of the present paper.
Beyond the chiral limit
In the previous section, we have seen how the interactions of a light CP-odd Higgs with the stronginteracting sector could be described in a chiral lagrangian. The mixing of A 1 with the neutral pseudoscalar mesons appeared as an important ingredient, coupling the Higgs pseudoscalar to the chiral anomaly and modifying its hadronic decays. Yet, beyond m A1 > ∼ 1 GeV, one becomes suspicious as to the validity of the chiral description and one prefers to turn to a more partonic approach, the perturbative spectator model [26, 55, 92] . This effective approach essentially adopts a partonic dynamics while keeping the kinematics of the hadrons. In this section, we re-cast the hadronic decays of the Higgs pseudoscalar in terms of this partonic description.
We thus consider the following effective lagrangian for the interaction of A 1 with the partons:
are effective Yukawa couplings that should be identified with the chiral couplings in the chiral limit. The partonic amplitudes, stripped of the spinors (since these affect the kinematics), are particularly simple and read:Ã
Our concern now consists in distributing this dynamics among the hadronic channels. We shall assume that these are dominated by the tri-meson final states. Forgetting momentarily about the mixing effect (i.e. we focus on genuine Higgs amplitudes below), it is useful to notice that the chiral amplitudes of Eq.(22) satisfy the property:
If we discard the terms of the second line, subleading in m s or in tan β in individual amplitudes, we may identify Eq. (28) with its partonic analogue
2 and come to the relations:
Eq.(28) also hints at how to distribute the partonic amplitude among the 21 tri-meson final states:
2 (in the approximation θ η 0);
2 (in the approximation θ η 0). We had temporarily forgotten about the A 1 -meson mixing. This effect is present in Eq. (26) however, if we evaluate the partonic operators for the meson wave functions. Below, we shall keep the coefficients derived in the chiral limit. It is understood that the mixing effect should disappear slowly as m A1 is farther away from the η mass. Yet, we have seen in the chiral limit that the sizable η/η couplings to mesons may extend some influence up to m A1 ∼ 1.5 GeV. Adding this ingredient to the spectator widths, we arrive at the picture of Fig.8 . The diphoton (full red line) and the hadronic (green dot-dashed) widths are still under the influence of the η/η at m A1 1 GeV but eventually converge towards a decoupled regime at m A1 3 GeV. We also observe that the hadronic width eventually becomes competitive with the leptonic one (blue dashed curve) around m A1 2.5 − 3 GeV.
Close to m A1 3 GeV, the charm threshold opens up. The impact on the decays of the CP-odd Higgs is not necessarily large, as the A 1 cc coupling is tan β-suppressed. As for the interaction with the lighter quarks -or at the bb threshold [56] -, the first effect that can be expected is a mixing of the CP-odd Higgs with the pseudoscalar charmonia η c (nS) -in particular m ηc(1S) 2.98 GeV. Then genuine cc decays become kinematically allowed when m A1 > ∼ m π + 2m D 3.9 GeV. In the meanwhile, however, the τ + τ − threshold has been reached and the A 1 → τ + τ − decay, tan 2 β-enhanced, should dominate the disintegrations of the pseudoscalar Higgs, placing all the hadronic or muonic branching ratios at the percent level. As our focus in this paper is the very-low mass region, we will not detail these effects here.
Before closing this discussion, we display the branching ratios of the light pseudoscalar for P 11 = 0.03, tan β = 10 in Fig.9 , both in the chiral and the spectator approaches. We assume that there is no invisible decay. Expectedly, the leptonic decays (blue dashed curve) dominate over a wide range of mass. However, the diphoton channel can be competitive at low mass, in the vicinity of m A1 m π or just below the dimuon threshold. The hadronic decays become sizable at m A1 3 GeV or close to the η and η masses. The total width is shown in the lower plot of Fig.9 . The general scale is that of the dimuon decay width, but the meson resonances are visible as small spikes. Below the dimuon threshold and with the exception of m A1 ∼ m π , the CP-odd Higgs is relatively long-lived. Considering the boost factor of order (at least) ∼ 100 in LHC searches for H[125] → 2A 1 , A 1 would fly centimeters before decaying, leading to displaced vertices. With even larger boost factors (due to e.g. lower m A1 , sizable longitudinal energy) or smaller P 11 , the pseudoscalar may well escape the detectors, thus appearing as missing energy. Above the dimuon treshold, the CP-odd Higgs is reasonably short-lived and should decay within µm, unless P 11 is extremely small. It is now time to summarize our achievements in this paper. We have shown how the interactions of a light NMSSM Higgs pseudoscalar with the hadronic sector could be described by a chiral lagrangian. A remarkable effect, which, to our knowledge, has not received much attention before, appears in the form of a mixing of the CP-odd Higgs with the pseudoscalar mesons. This mixing has little effect on the mesons themselves, since they have large hadronic or anomaly-driven decays. On the other hand, its impact on the naturally narrow (singlet-dominated) A 1 can be very important. In particular, the photonic and hadronic decay widths are sizably affected. However, the leptonic final state remains the dominant decay channel of the Higgs state in most of the considered mass-range. As the mesons do not possess large decays into leptons, it is possible to place limits on the leptonic width that they acquire via mixing. The chiral lagrangian also provides quartic A 1 -meson interaction terms. These govern the tri-meson decays of the pure-Higgs component. Beyond m A1 1 GeV, it is possible to extend the description of the Higgs-interactions with the strong-interacting sector using the spectator approach.
Our results can be criticized in many ways. In particular, sizable higher order corrections are known to modify the chiral couplings of the mesons, so that it seems questionable to rely on the tree-level chiral vertices for the Higgs state. A more comprehensive approach, using higher-dimensional chiral operators as well as loop effects, has proved (partially) successful in describing the hadronic decays of the η and η and the same type of exercise could probably be adapted with profit to the case of the light CP-odd Higgs, increasing the reliability of the computed widths. Yet, such a calculation is far beyond the ambitions of this paper where our scope is limited to a qualitative investigation of the relevant effects. Consequently, even though the picture that we propose is somewhat more convincing than a pure partonic, quarkperturbative approach, we should remain aware that large corrections (of order 100%) could modify the actual magnitude of the hadronic decays.
Deficient they are, our estimates of the pseudoscalar Higgs widths can be applied to constrain the rich phenomenology of this particle. In particular, limits from flavour-physics, quarkonium decays or beam-dump experiment should be considered in this new light. Still, an additional decay channel should be considered in the presence of a very-light Dark Matter candidate. A Fortran implementation of the A 1 -decays in the low-mass region is in preparation at the request of NMSSMTools [93] .
Finally, we remind that the effects that we have described here in the explicit case of the NMSSM could be easily transposed to other models including a light CP-odd state.
